INTRODUCTION
Nine viruses with small isometric particles and a single genomic RNA species have been classified in the tombusvirus group (Matthews, 1982) . Based on the physicochemical properties of their particles there are seven definitive [tomato bushy stunt (TBSV), carnation Italian ringspot (CIRV), artichoke mottled crinkle (AMCV), petunia asteroid mosaic (PAMV), pelargonium leaf curl (PLCV), cymbidium ringspot (CyRSV) and eggplant mottled crinkle (EMCV) viruses] and two tentative [turnip crinkle (TCV) and saguaro cactus (SCV) viruses] members. Galinsoga mosaic virus (GMV) (Behncken et al., 1982) and glycine mottle virus (GMeV) (Behncken & Dale, 1984) also have properties which suggest that they too should be included in the group. TBSV, CIRV, AMCV, PAMV, PLCV and EMCV are serologically interrelated (for review, see Martelli, 1981) and CyRSV is related to TBSV (R. Koenig, unpublished data) . However, TCV, SCV, GMV and GMeV are not serologically related to each other or to any definitive members of the group.
Studies on the cytopathology of infected leaves have shown that many of the definitive members cause similar effects (Martelli & Russo, 1972; Russo et al., 1983 ; Di Franco et al., 1984) but that the effects of CIRV infection more closely resemble those of TCV and GMV (Russo & Martelli, 1982; Hatta et al., 1983 ; Di Franco et al., 1984) than those of definitive tombusviruses.
In this paper, we examine the relationships among viruses in the tombusvirus group by comparing their RNAs. We give an estimate of the extent of sequence homology on the basis of cross-reactions resulting from dot-blot hybridization analysis using complementary DNA (cDNA).
METHODS

Viruses.
The viruses used in this study are listed in Table 1 . Virus purification. Infected leaves were collected 5 to 15 days after inoculation and immediately ground with 2 ml/g of 50 mM-sodium acetate pH 5, containing 1 ~ ascorbic acid. The extract was filtered through muslin and clarified by adjusting the pH to 4-5 with dilute acetic acid. After low-speed centrifugation the supernatant fluid N. clevelandii N. benthamiana N. clevelandii N. benthamiana N. clevelandii N. benthamiana N. clevelandii N. benthamiana N. clevelandii N. benthamtana N. clevelandii N. benthamiana Behncken & Dale (1984) was adjusted to pH 6 with dilute NaOH and virus particles were then concentrated by precipitation from 10% polyethylene glycol 6000 plus 0.2 M-NaC1 followed by one cycle of differential centrifugation. Pellets were suspended in 50 mM-sodium acetate pH 5. Virus preparations were further purified by centrifugation in CsCI gradients (initial density = 1.36 g/ml) buffered with 50 mM-sodium acetate pH 5, in a Beckman type 50 rotor at 36000 r.p.m, for 16 h at 10 °C. Virus particles were collected by puncturing the tube and removing the band with a syringe; CsC1 was removed by dialysis against 50 mM-NaC1 pH 5.5.
Preparation and.#actionation o/'RNA. To isolate nucleic acid, virus particles were heated at 55 °C for 5 min in 10 mM-Tris-HCl, I mM-EDTA, pH 7.8 (TE buffer) containing 1% SDS and twice extracted with 1 vol. watersaturated phenol. The aqueous phase was then washed twice with an equal volume of ether and nucleic acid was precipitated by adding sodium acetate pH 6 to 200mM and 2.5 vol. ethanol. RNA pellets, collected by centrifugation, were dissolved in TE buffer, at 1 mg/ml and stored as small aliquots at -20 °C.
To fractionate the genomic RNAs, RNA samples (about 400 ~tg) were mixed with 5 ~tl ethidium bromide (10 mg/ml) and layered on 10 to 40~ (w/v) sucrose density gradients in TE buffer and centrifuged in a Beckman SW41 rotor at 36000 r.p.m, for 16 h at 4 °C. After centrifugation, stained bands were located by u.v. illumination and collected by puncturing the tube; the nucleic acid was precipitated with ethanol. Each partially purified genomic RNA was further purified by two cycles of electrophoresis in and elution from a gel of 1.2% low-meltingtemperature agarose prepared in 90 mM-Tris, 90 mM-boric acid, 3 mM-EDTA, pH 8.3. Before loading, each RNA sample was denatured by heating at 55 °C for 10 min in 50% deionized formamide. It was generally found unnecessary to stain the nucleic acid in the gels as RN A retained some of the ethidium bromide bound during the sucrose gradient step. The bands were located and excised, and RNA was eluted from them by melting the agarose at 70 °C in a mixture of I% SDS in TE buffer and water-saturated phenol (1:1, v/v). The aqueous phase was treated once more with phenol, washed twice with ether and mixed with 2-5 vol. ethanol to precipitate RNA.
Gel electrophoresis of RNA. RNA samples (2 to 5/ag) were either denatured at 55 °C for 10 min in 80% formamide and separated in vertical 1.2~ agarose gels containing 50% formamide or denatured with glyoxal (Covey et al., 1981) and separated in vertical agarose gels containing 40 mM-Tris-acetate pH 7.9, 5 mM-sodium acetate, 1 mM-EDTA. RNAs from brome mosaic virus (BMV) (RNA 1 = 3234 nucleotides; RNA 2 = 2865; RNA 3 = 2114; RNA 4 = 876) and cowpea mosaic virus (CPMV) (RNA 1 = 5889 nucleotides; RNA 2 = 3481) were used as mol. wt. markers. Bands were stained with ethidium bromide, exposed to u.v. illumination and photographed with a type 655 positive-negative Polaroid film.
Synthesis ofcDNA and dot-blot analysis. Random-primed cDNA to genomic RNA of viruses under study was prepared essentially as described by Taylor et al. (1976) using [c~-32p] dCTP as radioactive label. For dot-blot analysis (Thomas, 1980 (Thomas, , 1983 , RNA samples were brought to the same concentration, serially diluted with TE buffer and applied as 5 ~tl spots to nitrocellulose filters pre-soaked in 20 × SSC (1 × SSC = 150 mM-NaCI, 15 mMsodium citrate). Prehybridization and washing procedures were as described by Maule et al. (1983) . After autoradiography, pieces of dry filter containing each spot were excised and their radioactivity was measured by scintillation counting in 5ml toluene containing 0-4~ 2,5-diphenyloxazole and 0-005~o 1,4-bis[2-(5-phenyloxazolyl)]benzene.
The sequence homology from cross-hybridization reactions was also estimated using the procedure of Kafatos et al. (1979) with a few modifications. Nitrocellulose filters containing spots of TBSV RNA were prehybridized at 42°C for 2 h in 50~o deionized formamide, 4 x Denhardt's mixture, 4 × SSC, 0-1~ SDS and 100 lag/ml singlestranded sonicated DNA from salmon sperm. The filters were then incubated for 16 h at 42 °C in prehybridization mixture (about 150 pl/cm z filter) containing the radioactive probe (about 2 × 105 c.p.m./ml). After incubation, pieces of filter containing single spots were cut out, washed three times in scintillation vials at 42 °C for 5 min each time in 10 ml melting mixture (50~ deionized formamide, 2 x SSC, 0-1 ~ SDS) and Cerenkov-counted. Hybrids were then melted by incubation for 5 min at 47 °C and then increasing the temperature by 5 °C increments with three washes at each temperature in the melting mixture. The radioactivity that was retained by the single filters was estimated by Cerenkov counting. Fig. 1 shows the separation under denaturing conditions of nucleic acids prepared from particles of some definitive members of the tombusvirus group and GMV, GMeV, TCV and SCV. The main feature is the different size of genomic RNAs of some of the viruses examined. In both denaturing systems, the electrophoretic mobilities of genomic RNAs of TBSV-type, TBSV-BS-3, CyRSV, AMCV and EMCV were similar and indicate a chain length of about 4700 nucleotides (PLCV and PAMV genomic RNAs also co-migrated with that of TBSV-type as did TBSV-BS-3 isolate). They were appreciably larger than those of TCV and GMeV (about 3900 nucleotides) and of GMV and SCV (about 3500 nucleotides). The fastest migrating component (seen in Fig. 1 a, lanes 6, 8, 9 and I b, lane 5) was a satellite-like RNA (S-RNA) with an apparent size of about 700 nucleotides which is described in more detail by Gallitelli & Hull (1985) . Its appearance in virus preparations seemed to be dependent upon the host species (probably Nieotiana benthamiana) in which the virus had been cultured. This satellite RNA has never been observed in virion RNA preparations ofTCV, SCV, GMeV and GMV even when some of them (TCV and GMV) were cultured in N. benthamiana. It has been shown (Gallitelli & Hull, 1985) that TCV, SCV and GMV cannot support the replication of TBSV S-RNA and that the symptoms they induce in host plants are not modified by its presence.
RESULTS
Electrophoretic analysis of nucleic acid extracted from virions
In addition to genomic and satellite RNAs, a number of other species of intermediate size were separated on agarose gels (Fig. 1) . Their size and distribution seemed to be similar in preparations of TBSV, CIRV, CyRSV, PAMV, AMCV and EMCV but appeared to be considerably different in those ofTCV, SCV, GMV and GMeV. PLCV RNA preparations were found to be too much degraded to be compared with other viruses. Although, at present, there is some evidence to indicate that some of these RNAs are the subgenomic RNAs described by Hayes et al. (1984) for TBSV (data not shown) more detailed studies on them are necessary.
Dot-blot hybridization
Since virus particles were found to contain more than one RNA species, it was considered essential to purify the genomic RNA species prior to the preparation of cDNA and dot-blot analysis. The method adopted here allowed us to prepare intact and highly purified genomic RNAs which were intact and infective. They did not show any appreciable contamination by other RNAs of smaller size or by nucleic acids from host plants when examined by gel electrophoresis or hybridization (data not shown).
Because TBSV-type, CIRV, CyRSV and TCV virion RNAs do not contain poly(A) sequences (R. Hull & D. Gallitelli, unpublished results), we prepared cDNA using the random-primer method, cDNAs were then hybridized to homologous and heterologous RNAs immobilized on nitrocellulose filters. In our experience it was not necessary to denature RNA before spotting it onto nitrocellulose as it binds stably to the filter. As observed by other authors (White & Bancroft, 1982; Maule et al., 1983) , we found that glyoxylation of RNA appreciably reduced the sensitivity of the method. The results obtained by scintillation counting the filters prehybridized and hybridized at 65 °C followed by relatively stringent washing (2 x SSC, 65 °C) are summarized in Table 2 . The main features are as follows. (i) There was moderate sequence homology between some pairs of viral RNAs, e.g. TBSV and PLCV, PLCV and CyRSV; however, it was not possible to rank the viruses in order of relationship. The values for PAMV were lower than the others, possibly due to PAMV RNA being somewhat degraded or because it was a poor template for reverse transcription. (ii) There was no sequence homology between the RNAs of definitive tombusviruses and those of TCV, SCV, GMeV and GMV. (iii) Although there was slight hybridization between GMeV cDNA and TCV RNA, and between GMeV cDNA and GMV RNA, in the reciprocal combinations no hybridization occurred.
Melting profiles
The melting curves for hybrids between RNAs of various viruses immobilized on nitrocellulose and TBSV cDNA are shown in Fig. 2 . Since melting curves approximate to first differentials of normal distribution curves the data were also plotted on probability paper. From these plots the Tm (50~ melting) and the standard deviation (T °C at 84~ melt -T °C at 16~ melt) were estimated ( Table 3 ). The data from these melting experiments followed the trends shown in the hybridization experiments. The Tm of the TBSV-PLCV combination was closer to that of the homologous TBSV-TBSV than was that of the other heterologous combinations. This indicates that the RNA of PLCV is more similar to that of TBSV than are those of the other viruses.
DISCUSSION
The results in this paper provide further data on the grouping of viruses into the tombusvirus group. In agarose gel electrophoresis under denaturing conditions, genome RNAs of TBSV-type (and other strains) and of other definitive tombusviruses had approximately the same mobility giving an estimated chain length of about 4700 nucleotides. Previous estimates suggested a greater variability in the size of the genome RNAs of these viruses with values ranging from 4100 to 5000 nucleotides (for review, see Martelli, 1981) . The value we determined lies in the middle of this range but is similar for all the viruses. This discrepancy may be due to previous determinations having been done under non-denaturing conditions and in different laboratories. However, the most remarkable aspect of these results is that when compared under Martelli et al. (1971); b, Martelli et al. (1977); c, Hollings et al. (1970); d, Hollings & Stone (1977) ; e, Makkouk et al. (1981) ; f, Hollings & Stone (1965) ; g, Lovisolo et al. (1964); h, Hollings & Stone (1972) ; i, Behncken & Dale (1984) ; j, Nelson et al. (1975) ; k, Behncken et al. (1982) ; 1, Hollings & Stone (1975) ; m, R. Koenig (unpublished results); n, Gallitelli & Hull (1985) . t s, Spur formation. r~T, Not tested.
the same experimental conditions, genome RNAs of definitive tombusviruses are appreciably larger than those of the tentative members of the group. Among the tentative members there are two sizes of RNA, those of TCV and GMeV being 3900 nucleotides and those of SCV and GMV being 3500 nucleotides. As the coat protein subunits of all the viruses studied here have very similar molecular weights, it seems that, with the exception of GMeV, the differences found in their sedimentation coefficients correlate well with differences in the sizes of their genome RNAs (Table 4) . Dot-blot hybridization with RNA immobilized on nitrocellulose filters has been used in plant virology primarily for the detection of viroids and viruses in crude leaf extracts (Owens & Diener, 1981; Maule et al., 1983) . Our study shows that it is also useful in determining the relatedness of viruses by their nucleic acid homology. This has only been done previously using liquid-liquid hybridization (for review, see Gould & Symons, 1983) . However, as pointed out by Meinkoth & Wahl (1984) , the kinetics and other parameters of nucleic acid hybridization are apparently not affected if one of the nucleic acids is immobilized on a solid medium.
The results of our hybridization and melting experiments give three pieces of information. The hybridization data show how much of the sequence is conserved between pairs of RNAs. The Tm shows how well it is conserved, i.e. how much mismatch there is. The standard deviation of the melting curve gives an indication of whether similar sequences are involved in hybrids between different pairs of RNAs. Thus, for the combination of TBSV and PLCV about 25 to 40 ~o of the sequence of TBSV is found in PLCV (Table 2 ). There is little mismatch since the Tm was close to that of the homologous combination (Table 3 ). The similarity of the standard deviations of the homologous and heterologous combinations (Table 3) indicates that the common sequences between the two viral RNAs are reasonably representative of the sequence of TBSV RNA. In contrast, for the combination of TBSV and EMCV about 7 to 16~ of the sequence is in common. This common sequence has a considerable amount of mismatch. There is about 1~ mismatch for each °C reduction in Tm (Britten et al., 1971) ; therefore, in this combination there is about 10~ mismatch. The common sequence probably represents a distinct region of TBSV RNA as the standard deviation is different from that of the homologous combination.
Our results show that the definitive tombusviruses have nucleotide sequences in common with the type member of the group and also with each other. There was some variation in the amount and correctness of the homologies as demonstrated by the hybridization and Tm data. There were also indications that there might be differences between some of the viruses in the regions of TBSV RNA to which they are homologous. This will be resolved when cDNA probes to specific regions of the RNA are available.
The various properties of the definitive and tentative members of the tombusvirus group, summarized in Table 4 , show that the definitive members form a coherent group of inter-related viruses. TBSV itself occurs as several strains which differ in some characteristics as much between themselves as from other definitive members (see Martelli, 1981; Koenig & Avgelis, 1983) . This poses the question of which are really strains and which are distinct viruses. The cytopathology of most of the definitive members is similar (Martelli & Russo, 1972; Russo et al., 1983; Di Franco et al., 1984) . However, that of CIRV differs from the other members and resembles more closely that of TCV and GMV (Di Franco et al., 1984) . Most of the definitive members are closely related serologically to each other but CyRSV is only distantly related to TBSV (R. Koenig, unpublished observation) . Although this paper highlights the similarities between definitive members of the group we do not intend to dictate on whether any and, if so, which should be considered to be strains.
The tentative members of the group differ markedly from the definitive members (Table 4 ). In fact, several of their properties and especially the size of their genomic RNA suggest that they should not be considered at all as members of the group.
